In this paper, we explore the structural, electronic, thermoelectric and elastic properties of intermetallic compounds ScTM (TM = Cu, Ag, Au and Pd) using density functional theory. The produced results show high values of Seebeck coe cients and electrical conductivity for these materials. High power factor for these materials at room-temperature shows that these materials may be beneficial for low-temperature thermoelectric devices and alternative energy sources. Furthermore, elastic properties of these compounds are also calculated, which are used to evaluate their mechanical properties. The Cauchy's pressure and B/G ratio figure out that these compounds are ductile in nature. The calculated results also predict that these compounds are stable against deforming force.
Introduction
The availability of energy is the main requirement for the everyday life. However, in most processes of utilization of energy especially in heat-related phenomenon, the maximum part of energy is wasted to the environment. Thermoelectric (TE) power generation is currently taking increasing interest as it uses waste heat for useful purposes and to achieve this goal, materials with high values of Seebeck coe cient are required. The high Seebeck coe cient values are commonly obtained in materials with narrow bandgap semiconductors low values of carrier concentration. 1 Like thermoelectric power generation, the thermoelectric cooling is also important. Thermoelectric cooling requires low-temperature materials, however, the literature lacks the study of low-temperature as compared to Thermoelectric (TE) materials of high temperature, and the studies of the metallic TE materials are scanty. 2, 3 Lin et al. 4 study antiperovskite compound SnC x Co 3 and investigate the TE properties around 250 K and found maximum value of 0.035 for ZT. Recently, Bilal et al. 5 also worked on TE properties of SnNCa 3 and showed the relation between Seebeck coefficients and spin-orbit coupling (SC) at room temperature. The authors found that Seebeck coe cient increases significantly with the result of described phenomenon.
The drive of this work is to look for low-temperature TE materials in intermetallic. Therefore, we examine the TE properties of metallic compounds Scandium transition metal (ScTM) (TM = Cu, Ag, Au and Pd). The other aspect of this work is to systematically study the e↵ects of SOC on the electronic and thermoelectric properties of these compounds with 3d, 4d and 5d electron states. Thermoelectrics gained attention because it produces electricity from waste heat.. [6] [7] [8] [9] [10] As TE generators directly convert thermal energy to electrical energy, they do not adversely a↵ect the environment. 11 On the other hand, there are no moving parts in TE generators which avoid noise pollution.
Scandium (Sc) forms intermetallic compounds with transition metals (TMs), (TM = Cu, Ag, Au and Pd). These intermetallic materials crystallize in the cubic CsCl (B2) structure with space group Pm-3m (number: 221). 23 These compounds are also well-known for interesting features of strong electron-electron correlations and spin-orbit coupling e↵ects. [18] [19] [20] [21] [22] Interesting work is available in the literature on di↵erent physical properties of these materials. Di↵erent researchers worked experimentally and theoretically on the structural, electronic, elastic, specific heat and magnetic susceptibilities of ScTM (TM = Ag, Cu, Pd, Rh and Ru) compounds. [24] [25] [26] [27] [28] [29] [30] [31] Detailed theoretical studies of the electronic structure and phonon properties of Sc-TM (TM = Ag, Cu, Pd, Rh, Ru) compounds have been carriedout by Arıkan et al. 32 using density functional theory (DFT) within the PBE parametrization of the generalized gradient approximation (PBE-GGA) to investigate di↵erent ground state properties such as lattice parameter, bulk modulus and first-order pressure derivative of the bulk modulus. Literature clearly indicates dense electronic states in these materials at the Fermi level which is one of the basic properties that predict the e↵ectiveness of a material in thermoelectricity.
Theoretical investigation of properties of intermetallic compounds ScTM
Keeping in view of this important aspect, we investigate TE properties of ScTM (TM = Cu, Ag, Au and Pd) at room-temperature. To the best of our knowledge, this is the first ever attempt made on the TE properties of these materials. As these compounds have d states, the correlation and SOC e↵ects play a key role in the physical properties of these compounds. Sasloglu et al. 12 reported that correlation e↵ects decrease but SOC e↵ects increase as one moves from 3d to 5d period of the periodic table. SOC e↵ect is considered as a weak relativistic correction in Schrödinger's equation in condensed matter outside high-energy physics. [13] [14] [15] [16] Hubsch et al. 17 reported that 3d transition metal-based compounds are strongly correlated electron systems due to their high localization nature. SOC caused nontrivial topological order in transition metal-based compounds [18] [19] [20] [21] [22] due to its large e↵ect, especially in the 4d and 5d. The SOC and electron correlation can strongly a↵ect the electronic structures of these compounds. 17 We also calculated the elastic constants of these materials which are further used to calculate mechanical properties such as Young's modulus, Hill shear modulus, anisotropy, Poisson's ratio and Kleinman parameter of these materials. Our calculated independent elastic constants are very close to experimental values.
Computational Details
In this paper, first principle calculations are carried out using the full potential linearized augmented plane waves plus local orbitals (FP-LAPW+lo) method as implemented in the WIEN2k code 33 within the domain of DFT. 34 The e↵ects of SOC on structural and electronic properties of these materials are calculated using LDA with Huberd potential. 17, 34 The radii of the mu n-tin spheres are considered such that no charge leakage is occurred. In order to get best convergence, few restrictions are imposed such that the basis set is expanded in terms of the plane waves up to R MT K max = 7, 30,47 where R MT is the smallest atomic radius and K max is the maximum value of the k-vector. The maximum value of angular momentum l max = 10 is considered inside mu n-tin spheres. The cuto↵ for the Fourier expansion of the charge density was taken to be G max = 12 Bohr 1 . A k-mesh of 3000 k-points is considered in the irreducible wedge of the brilouin zone (WBZ) with a grid size of 14⇥14⇥14 using the Monkhorst and Pack scheme. 35 The estimated electronic structures are further utilized to reckon thermoelectric properties like electrical conductivities and Seebeck coe cients using the BoltzTraP code. 36, 37 For TE properties, we used 100,000 k-points in the WBZ. Transport coe cient equation which depends on the rigid band approach can be written as
where N expresses strength of k-points and the k-dependent transport tensors can be written as where v ↵ (i, k) is the group velocity component and ⌧ is the relaxation time. Seebeck coe cient and electrical conductivity both depend upon temperature, T , and chemical potential, µ, that can be calculated from the tensors of transport distribution integration 36, 38 :
where ↵ and are tensor indices while e is electron charge, ⌦ is volume of the unit cell, µ is the carrier concentration and f 0 is the Fermi-Dirac distribution function. Elastic constants are calculated using the Cubic-elastic software. 39 
Results and Discussions

Structural properties
The structural optimizations are performed using experimental 23 lattice constants of the ScTM (TM = Cu, Ag, Au and Pd) compounds. The physical properties of the TM compounds depend on the proper localization of the d-orbital. In 3d-orbitals, strong Coulomb repulsion exists because of the highly localized nature while there is a small repulsion in the 4d and 5d because of their slightly delocalized nature. 12 In order to treat such systems, where d-orbitals are participating, we need to optimize the Coulomb repulsion U parameter for each compound. The optimization of U for each compound is carried out by adjusting the calculated lattice constants with the experimental values. The U values for the elements of Cu, Ag, Au and Pd are optimized to be 0.44, 0.59, 0.07 and 0.22 Ry, respectively, while this U value is kept constant for scandium, i.e., U = 0.15 Ry. The calculated values of the lattice constants for all the compounds along with other ground state parameters like volume and energy are listed in Table 1 . It is obvious from the table that the estimated lattice constants for ScTM (TM = Cu, Ag, Au and Pd) compounds using the LDA+U method are in accordance with the experimental values, whereas other approximations LDA, and LDA+SOC underestimate the lattice constants.
Density of states
Electronic structure plays a key role in defining thermoelectric properties of a material. Dense electronic states are required at Fermi level for good TE performance. Total and partial density of states (DOS) for ScCu in spin-up state without the e↵ect of SOC and with SOC is presented in Fig. 1 . The DOS of other materials are approximately similar to the DOS of ScCu. Partial DOS shows that d-states of the material play important role in electronic structure and consequently other properties of the material. It is clear from Fig. 1 that the SOC e↵ects split the d-state of Sc and Cu into dz 2 , dxy, dx 2 y 2 and dxz + dyz states. After splitting, the
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Theoretical investigation of properties of intermetallic compounds ScTM both elements. The results show that they are metals. The same phenomenon is also observed for the rest of ScTM (TM = Ag, Au and Pd) compounds and similar nature for these compounds are reported in Ref. 32 . Apart from this, Fig. 1 
Seebeck coe cient
Seebeck e↵ect is referred to as the potential di↵erence created between two ends of a material as a result of the temperature gradient. Free charge carriers move from hot to cold environment due to the temperature gradient between the ends of a material. For an e cient TE material, we need large values of Seebeck coe cient. 
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Figure 2 presents the curves of Seebeck coe cients for ScCu, ScAg, ScAu and ScPd at 300 K with and without considering the SOC e↵ects. ScAg shows the highest value of Seebeck coe cient among these materials. All materials show approximately the same behavior with small di↵erences in detail. It is clear from the figure that SOC has a significant e↵ect on the Seebeck coe cient of these materials. SOC e↵ect increases Seebeck coe cients for these materials in both n-type and p-type regions. This is because of the increase in the DOS at the Fermi level by applying SOC e↵ects. For p-type ScAg, Seebeck coe cient reaches the maximum value of 230 µ V/K at 0.05 eV chemical potential. Overall pattern of the Seebeck coe cients of these materials shows that these materials show good response in both n-type and p-type regions. The peak values are obtained between 0.25 and 0.25 eV chemical potential which means these materials will show good thermoelectric properties in this region. 
Response to the Proofs of the Paper
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Power factor
The power factor (PF = S 2 ) shows the e ciency of a thermoelectric material, where S is the Seebeck coe cient and is the electrical conductivity of the material. It is clear from PF that we need large values of Seebeck coe cient and electrical conductivity for better TE performance. Figure 4 presents power factor, with and without the e↵ects of SOC, for ScTM (TM = Cu, Ag, Au and Pd) compounds against chemical potential at 300 K temperature. The figure shows that PF increases with the e↵ects of SOC. ScAu has the highest value of PF among all these materials and with the e↵ects of SOC, it reaches 200 ⇥ 10 2 W/cmK 2 s at 0.2 eV chemical potential at room-temperature. This is because this material has high values of both Seebeck coe cient and electrical conductivity in this region. As the Seebeck coe cient shows good response between 0.25 and 0.25 eV chemical potential, we get the peak values of PF in this region for all materials. Small values of PF beyond this region are due to the large values of electrical conductivity in these regions. Furthermore, we can see that all these materials show a good TE response in n-type as well as in p-type regions.
Mechanical Properties
We calculate elastic constants (C 11 , C 12 and C 44 ) for ScTM (TM = Cu, Ag, Au and Pd) compounds and compare with the available results. Table 2 shows that all these compounds are mechanically stable under the stability criteria, i.e., C
11
C
12 > 0, C 11 + 2C 12 > 0, C 44 > 0. 42, 43 Our results for ScPd are in close agreement with the experimental results. 23 The mechanical properties of these compounds like bulk modulus (B), Young's modulus (Y ), shear modulus (G H ), anisotropy (A) and Poison's ratio (⌫) are calculated from these elastic constants for each compound.
Shear modulus (G) shows the hardness of a material. The calculated values of shear modulus for the compounds under study are listed in Table 3 . It is clear from the table that ScAu has the largest value of shear modulus (52.77 GPa) among all these compounds which shows this compound is the hardest in all these compounds. The smallest value of the shear modulus, 40.78 GPa, is for ScAg, which shows that this material has small resistance to deformation. Young's modulus shows the sti↵ness of a material. 40 The calculated values of Young's modulus are presented in Table 3 . It is clear from the table that ScAu has the largest Young's modulus (138.75 GPa) compared to other compounds hence, ScAu has the highest sti↵ness among these compounds. The higher values of Young's modulus as compared to the shear modulus exhibit the sti↵ness of these materials.
The ductile nature of a material is very important from an engineering point of view and can be determined by B/G ratio. For ductile materials, B/G is greater than 1.75 and for brittle behavior of the materials, B/G ratio is lesser than 1.75. 41 Table 3 presents the calculated B/G values for ScTM (TM = Cu, Ag, Au and Pd) compounds. The table shows that all compounds under investigation are ductile. It can be noted from the table that among all ductile compounds, ScPd has the largest value of the B/G ratio (2.48 GPa) and hence reveals a higher value of ductility. Cauchy's pressure (C 00 = C 12 C 44 ) is another parameter to describe the ductile/brittle behavior of a material. The positive value of Cauchy's pressure shows the ductile nature and the negative value indicates the brittle behavior of a material. 42 It is clear from Table 3 that the values of Cauchy's pressure are positive for all these materials which further confirms the ductile nature of all these compounds. The Cauchy's pressure is also used to describe the bonding character in a material.. 43 The positive value of Cauchy's pressure corresponds to metallic bonding while the negative Cauchy's pressure attributes to the covalent bond nature. The values of Cauchy's pressure presented in Table 3 indicate that all these compounds have a metallic bond nature.
Poisson's ratio is a very important parameter and may be used to explain various mechanical properties, specifically the incompressibility of a material. The typical value of Poisson's ratio lies between 0 and 0.5. Incompressibility increases as one moves from 0 to 0.5. 44 The calculated values of Poisson's ratio for the compounds are listed in Table 3 . It is clear from the table that Poisson's ratios for all these materials fall within the above limit, hence these compounds are low compressible against deformation. Furthermore, this ratio is also used to determine the nature of inter-atomic forces. The typical range of Poisson's ratio for central forces is 1850004-10 0.25-0.5. 45 The calculated values of the Poisson's ratio indicate that dominated inter-atomic forces for these compounds are central forces.
The anisotropy (A) is a parameter, which shows whether the structural properties of a material remain same in all directions or not. For isotropic medium, A = 1 and if A 6 = 1, then the medium will be anisotropic. The calculated anisotropic ratios for all these compounds are listed in Table 3 . The table shows that for all these materials, the anisotropic ratio deviates from unity which means their properties vary in di↵erent directions; hence, these compounds are anisotropic except ScPd, which has the value approximately equal to one. This shows that this material is nearly isotropic material.
The internal strain of a material is estimated from the Kleinman parameter (⇣). This parameter describes the bond bending and bond stretching. The lower limit (⇣ = 0) and upper limit (⇣ = 1) correspond to bond bending and bond stretching, respectively. The calculated values of this parameter for the compounds are listed in Table 3 . The table shows that in all these compounds, the bond stretching is more dominant than bond bending.
The ratio of bulk modulus to C 44 (B/C 44 ) may be used to estimate the plasticity of a material. 46 
Conclusion
DFT calculations are performed to investigate the structural, electronic, thermoelectric and mechanical properties of ScTM (TM=Cu, Ag, Au and Pd) intermetallic compounds. Our calculated results for structural and elastic properties are in close agreement with the available experimental results. Seebeck coe cient for ScAg gives the highest value of 230 µV/K among these materials. Power factor of 200 ⇥ 10 2 W/cmK 2 is achieved for the ScAu material. The calculated elastic constants obey the mechanical stability criteria suggesting that all these compounds are mechanically stable. The B/G ratio predicted the ductile nature of these compounds. The positive Cauchy's pressure and Poisson's ratio (v < 0.35) further confirm the ductility of these compounds. The deviation of anisotropy constant from unity shows the anisotropic nature of these compounds except ScPd whose value is approximately equal to unity. The greater value of B/C 44 shows the higher degree of plasticity in ScPd compared to other materials.
